Summary To achieve an efficient molecular diagnosis of osteogenesis imperfecta (OI), Ehlers-Danlos syndrome (EDS), and osteopetrosis (OPT), we designed a nextgeneration sequencing (NGS) platform to sequence 34 genes. We validated this platform on known cases and have successfully identified the causative mutation in most patients without a prior molecular diagnosis. Introduction Osteogenesis imperfecta, Ehlers-Danlos syndrome, and osteopetrosis are collectively common inherited skeletal diseases. Evaluation of subjects with these conditions often includes molecular testing which has important counseling and therapeutic and sometimes legal implications. Since several different genes have been implicated in these conditions, Sanger sequencing of each gene can be a prohibitively expensive and time-consuming way to reach a molecular diagnosis. Methods In order to circumvent these problems, we have designed and tested a NGS platform that would allow simultaneous sequencing on a single diagnostic platform of different genes implicated in OI, OPT, EDS, and other inherited conditions, leading to low or high bone mineral density. We used a liquid-phase probe library that captures 602 exons (~100 kb) of 34 selected genes and have applied it to test clinical samples from patients with bone disorders. Results NGS of the captured exons by Illumina HiSeq 2000 resulted in an average coverage of over 900X. The platform was successfully validated by identifying mutations in six patients with known mutations. Moreover, in four patients with OI or OPT without a prior molecular diagnosis, the assay was able to detect the causative mutations. Conclusions In conclusion, our NGS panel provides a fast and accurate method to arrive at a molecular diagnosis in most patients with inherited high or low bone mineral density disorders.
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Keywords High throughput . Molecular diagnosis . Next generation sequencing . Skeletal dysplasias Introduction Skeletal dysplasias are heritable disorders that can affect the growth, development, and homeostasis of the bone and cartilage. Although individual forms of skeletal dysplasias are relatively rare, collectively, skeletal dysplasias have an incidence of 1:5,000 births [1] . Due to the large number and overlapping phenotypic features in these disorders, arriving at a specific molecular diagnosis in those affected can be a challenging process [1, 2] . A recent study concerning the nosology of genetic skeletal disorders lists a total of 226 unique genes that are implicated in 456 well-characterized skeletal dysplasias grouped in 40 distinct groups [3] .
An accurate molecular diagnosis can provide the basis for counseling regarding prognosis and reproductive options. An accurate genetic diagnosis has been shown to provide psychological benefits to patients and their families [4] . This is especially relevant in the prenatal context where diagnostic modalities for definitive diagnoses are even more limited. Postnatally, an accurate diagnosis may help initiate appropriate therapeutic interventions in some conditions, like bisphosphonate therapy in osteogenesis imperfecta (OI) and bone marrow transplantation for some forms of osteopetrosis (OPT). Hence, improvements in the accuracy, speed, and cost of the diagnosis will have significant impact on clinical care of patients. Given the extensive phenotypic and genetic heterogeneity of many forms of skeletal dysplasias, reaching an appropriate diagnosis on a molecular basis often involves Sanger sequencing of multiple genes in a sequential manner which, as expected, is time-consuming, costly, and challenging. Recently, van Dijk et al. reported the best practice guidelines for the laboratory diagnosis for OI, but this was mostly based on Sanger sequencing of relevant genes [5] . Exponential growth in the fields of high-throughput capture and next-generation sequencing (NGS) has made NGS one of the most promising techniques for molecular diagnoses [6] [7] [8] . While whole-exome sequencing allows for simultaneous interrogation of thousands of genes, the average coverage achieved is below what can be achieved with targeted sequencing, and there are thus more exons with coverage too low for accurate base calling. For example, at 30X average coverage (lower than what is typically done in clinical exome laboratories), less than 80 % of disease-causing mutation sites from the Human Genome Mutation Database showed genotype sensitivity (defined as >10X coverage and a Phred software basecalling quality score of >30) [9] . Hence, targeted NGS panels which have higher coverage for a select group of genes continue to be useful for diagnosis when a specific group of conditions is suspected.
In order to facilitate sequencing of multiple genes causing some of the common forms of heritable skeletal disorders including genetic forms of low and high bone mineral density, we have designed and validated a novel testing panel on a single diagnostic platform. The panel includes 21 genes implicated in low bone mineral density (LBMD) diseases, including nine genes for OI, and 14 genes implicated in high bone mineral density (HBMD) diseases including various forms of OPT. TNFRSF11A is included in both categories since different mutations can either give osteopetrosis, expansile osteolysis, or Paget's disease of the bone.
Patients and methods

Human subjects
Eleven subjects were enrolled in the study. The study procedures were approved by the Institutional Review Board of the involved institutions. Informed consent was obtained from each subject. Subjects 1 through 4 had recessive forms of OI and have been previously described [10] [11] [12] [13] . Subjects 5, 7, 8, and 9 had a diagnosis of OI, and subject 10 had osteopetrosis. Subject 11 with dysosteosclerosis was described in detail previously [14] [15] [16] . Subject 6 has geleophysic dysplasia based on the presence of classical clinical findings which we will describe here (see Fig. 1a ). He had short stature, mild coarsening of facial features, a prominent forehead, a depressed nasal bridge, broad base nose, long philtrum, midface hypoplasia, prominent lips, a short neck, a chest with muscular appearance, shortened long limbs, short phalanges and metacarpals, limitation of elbow extension, and brachydactyly (Fig. 1a) . He also presented with inguinal hernias, thickened skin, a narrow larynx with tracheomalacia, nystagmus, and mild developmental delay. Echocardiogram showed mitral valve leaflet thickening, short chordae, and mild concentric left ventricular hypertrophy.
The mutations had been described in subjects 1 through 4 as reported previously [10] [11] [12] [13] . The COL1A1 mutation in subject 5 was identified in a separate laboratory. Subject 6 had Sanger sequencing to exclude ADAMTSL2 mutations [17] ; then, exome sequencing was performed and identified a mutation in FBN1 before that mutation was published to be associated with geleophysic dysplasia [18] . These subjects served as positive controls and were used to validate the accuracy of the panel testing. Subjects 7, 8, and 9 did not have a known molecular diagnosis for their OI as was the case with subject 10 with OPT. These samples were assayed as test samples to assess the sensitivity and accuracy of our platform.
Process to select genes
The bone mineral density diagnostic platform was divided into two panels based on the bone mineral density: the LBMD panel and the HBMD panel. We included forms of skeletal dysplasia commonly encountered in clinical practice which presents with alterations in bone mineral density along with recurrent fractures. Only genes that had been proven to cause disease in these disorders were included in the panel. Genes such as COL1A1, COL1A2, CRTAP, FKBP10, LEPRE1, PLOD2, PPIB, SERPINF1, SERPINH1, and SP7 which are all implicated as the cause of various forms of OI were included in the LBMD panel [3, 5, 10, 19] . Genes associated with generalized or localized high bone density disorders such as CA2, CLCN7, OSTM1, and TCIRG1 were included in the high bone mineral density panel [3, 20] . Genes leading to Ehlers-Danlos syndrome and Paget's disease were also included. Some of the genes have pseudogenes or paralogs, and thus the homology of the exons with other sequences could make next-generation sequencing problematic, both at the hybridization and alignment steps. This was the case for LRP5 (13 paralogs and 23 coding exons), SERPINH1 (15 paralogs and three coding exons), and PLEKHM1 (five paralogs and 11 coding exons). These genes were excluded from the hybridization capture library, and they are rarely involved in the diseases targeted by our panel. Thus, the low bone mineral density panel includes 21 genes associated with low bone mineral density phenotypes (see Table 1 for the list and inheritance patterns for the associated disorders). The high bone mineral density panel includes 14 genes associated with high bone mineral density phenotypes (see Table 2 for the list and inheritance patterns for the associated disorders).
Targeted next-generation sequencing
A custom in solution-based capture library for the 34 selected genes (602 exons totaling almost 100 kb) was designed and used to enrich the target regions of genes implicated in numerous disorders with LBMD and HBMD. The experimental procedures followed the manufacturer's recommendations (Roche NimbleGen, Inc., Madison, WI, USA). Because of the very high read depth afforded by NGS, several different samples can be pooled in a single lane or "flow cell" of an Illumina sequencer. The DNA fragments from each patient were tagged with bar-coded oligonucleotides. Equimolar amounts of the libraries from eight indexed samples were pooled, and their sequences were determined in one lane of a HiSeq 2000 (Illumina, Inc., San Diego, CA, USA) with single-end, 75 base read length (since bases beyond that are generally less accurately called). An internal identity control system and an external monitoring system were designed and incorporated in the custom library with the specific probes and sequenced by NGS together with each sample. Raw data in BCL format were converted to qseq files before separating the data according to genetic barcodes (demultiplexing) using CASAVA v1.7 (Illumina, Inc., San Diego, CA, USA). Demultiplexed data were Fig. 1 
further processed by NextGENe software (SoftGenetics, State College, PA, USA) for alignment to the human genome (hg19). An in-house bioinformatics pipeline was used for the variant annotation.
Results
Sequencing and analysis
We performed coverage analysis considering the coding sequences and 20 bases inside the introns and obtained an average overall coverage per base 1,032X (±191). The coverage was quite consistent between each patient (Fig. 1b) . Figure 1c demonstrates that the median coverage was in the 1,000-1,500X range. The average coverage per gene is given in Fig. 2a and b (here, TNFRSF11A is only shown in the HBMD panel in order not to duplicate the data shown). Of the 34 genes, only three genes had an average coverage below 500X: FAM20C (187X), SOST (438X), and TCIRG1 (454X). Considering a minimum cutoff of 20X to call a heterozygous change, there were on average 16 exons (range 12-21) with targeted bases below this cutoff per patient. This would mean that to have a complete coverage of all genes, we need to perform 16 Sanger sequencing reactions per patient. The coverage across the exons of each gene can vary greatly but is usually lower for the first exon. The low coverage in the first exon is illustrated by the exon by exon average coverage of CRTAP in Fig. 2c . For FAM20C, coverage was insufficient in most exons for most patients. This gene has two paralogs (FAM20A and FAM20B), and hybridization capture might not adequately distinguish between the three, contributing to the low coverage.
Variants identified
We validated the sensitivity and accuracy of our platform by assay of DNA samples from six patients with known mutations in SERPINF1, CRTAP, FKBP10, COL1A1, and FBN1 (Table 3) . The assay was able to detect mutations in all six samples, except for subject 2, where only one of the two heterozygous mutations was detected. The other mutation was located in exon 1, which has a 72 % GC content and Osteopathia striata with cranial sclerosis (X-linked dominant) LEMD3
Buschke-Ollendorff syndrome/osteopoikilosis (AD)
Raine syndrome (AR)
AD autosomal dominant, AR autosomal recessive had very poor coverage, so Sanger sequencing was necessary to detect this mutation. We detected mutations in COL1A1 and COL1A2 in three patients with OI without a previous molecular diagnosis and a CLCN7 mutation in a patient with OPT (Table 4 ). All mutations were confirmed by Sanger sequencing. Thus, the panel was successful to reach a molecular diagnosis of all four patients with OI or OPT and unknown mutations. No mutations in the panel genes were identified for subject 11 who has dysosteosclerosis. Sanger sequencing for SLC29A3 (which we recently demonstrated causes dysosteosclerosis [21] ) was also negative; it thus appears that there is more than one gene causing dysosteosclerosis, and we are currently investigating this further.
Discussion
In this study, we describe a diagnostic panel for the molecular diagnosis of the heritable skeletal disorders that commonly cause low or high bone mineral density. The target genes were enriched by a solution-based oligonucleotide probe hybridization capture method followed by massively parallel sequencing. In total, 34 genes spanning 602 exons were simultaneously sequenced with deep coverage. Using this approach, mutations were identified in three subjects with OI and one with osteopetrosis without prior molecular testing. Poor coverage was observed in genes having paralogs. The presence of paralogs can negatively impact hybridization and alignment. Another problematic area is the first exon because of the high GC content. This is an inherent problem of NGS; the presence of GC-rich regions prevents proper hybridization, resulting in low capture and coverage of that sequence [22, 23] . Sanger sequencing of the problematic areas is one of the solutions available for the areas of low coverage.
Another solution could be an alternative enrichment approach such as microdroplet PCR. This method is reported to be more efficient in overcoming problems associated with high GC content and is also able to resolve paralogs [24] . However, a comparison of the different target enrichment platforms by Valencia et al. demonstrated that both the solution phase-based and droplet PCR-based methods had problems with regions of high GC content and had similar overall coverage [25] . Droplet PCR was better able to distinguish between paralogs, while the capture-based enrichment had a smaller number of missed exons [25] . Thus, both methods seem to be comparable in terms of performance for molecular diagnostic panels, each with different pitfalls.
In cases for which a mutation cannot be identified with a NGS platform and/or Sanger sequencing, alternative methods including Multiplex Ligation-dependent Probe Amplification (MLPA) and array comparative genomic hybridization (aCGH) to detect whole-exon or whole-gene deletions or duplications may be useful. Although NGS read coverage can be used to detect whole-exon deletion or duplication, MLPA and aCGH remain gold-standard techniques to demonstrate whole-exon or whole-gene deletion or duplication. Exome sequencing to find novel disease genes or variant phenotypes of an unsuspected disease may be useful in cases where mutations are not found. In addition, biochemical studies, such as collagen modification studies for OI, and specific gene expression studies when mutations in noncoding regions are suspected can be performed.
An appropriate diagnostic paradigm should balance cost, sensitivity, specificity, and nature of subsequent downstream sequencing. The finding of high bone mineral density should lead to testing of a collection of genes using a NGS approach. The finding of low bone mineral density, however, could direct a staged testing approach. For example, if dominantly inherited OI is strongly under consideration, targeted COL1A1 and COL1A2 testing could be considered first as these genes account for over 85 % of OI cases. If negative, then the LBMD panel could be considered. Alternatively, the LBMD panel could be a first step if an alternative clinical cause of LBMD is more likely such as in the presence of clinical symptoms of Marfan or Ehlers-Danlos syndromes. Similarly, the LBMD panel would be a viable first testing option if a recessive pattern of inheritance of OI is likely making type I collagen gene mutation less likely. Ultimately, as whole-exome capture coverage increases with decreasing cost, it is likely that this approach will eventually supersede targeted approaches. This reflects the dynamic nature of testing paradigms given rapidly evolving technologies.
In summary, we present a study demonstrating that our diagnostic platform can successfully be used in a clinical setting for the accurate and rapid molecular diagnosis of patients with disorders of low and high bone mineral density. Future directions would include incorporation of additional genes to the existing panel and the design of new panels that target other causes of skeletal dysplasia. Dysosteosclerosis No pathogenic mutation identified. This patient also had Sanger sequencing for SLC29A3 [21] .
